The initiation of primordial follicle development is essential for female fertility, but the signals that trigger this process are poorly understood. Given the potentially important roles of microRNAs (miRNAs) in the ovary, we aimed to study the expression patterns and regulatory functions of miRNAs during the initiation of primordial follicle development. Expression patterns of miRNA in the neonatal mouse ovary were profiled by microarray, and 24 miRNAs whose abundances differed significantly between ovaries from 3-and 5-day-old mice were identified. Pathway enrichment analysis revealed that 48 signal transduction pathways are modulated by the up-regulated miRNAs and 29 pathways are modulated by the down-regulated miRNAs (P-value and false discovery rate , 0.001). A miRNAmRNA regulatory network was established for TGF-beta signaling pathway-related genes. Among the miRNAs involved in this pathway, miR-145 was chosen for further analysis. Downregulation of miR-145 using an antagomir (AT) decreased the proportion and number of the primordial follicles and increased that of the growing follicles in the cultured ovaries (P , 0.05). The mean oocyte diameter in the primordial follicles was significantly greater in the AT group relative to the AT-negative control group (P , 0.05), whereas the mean oocyte diameter in growing follicles was smaller in the AT group than in the ATnegative control group. In addition, we confirmed that miR-145 targets Tgfbr2. The miR-145 AT caused an increase in TGFBR2 expression and activation of Smad signaling but did not affect the p38 MAPK or JNK pathway. These data suggest that miRNAs and the signaling pathways they modulate are involved in the initiation of primordial follicle development, and miR-145 targets Tgfbr2 to regulate the initiation of primordial follicle development and maintain primordial follicle quiescence.
INTRODUCTION
A primordial follicle consists of an oocyte arrested at the diplotene stage of meiosis I surrounded by several flattened somatic cells, known as pregranulosa cells (pre-GCs). Female mammals are born with a finite number of these primordial follicles, and this number declines over their reproductive lifetime [1, 2] . To produce mature ova, primordial follicles are recruited from the reservoir of dormant follicles into the growing follicle pool through a process called follicular activation or initial recruitment. The activation of primordial follicles is a highly regulated process. Cross talk between numerous cytokines and growth factors and bidirectional signaling between oocytes and GCs are considered fundamental to this process [3] . Studies of genetically modified mice have revealed the presence of both stimulatory signals that promote the activation of primordial follicles and inhibitory signals that maintain primordial follicles in a quiescent state [4, 5] . Under the coordinated and synergistic action of these signals, some primordial follicles enter the growth phase, while others remain dormant. Loss of function of any of the inhibitory molecules or imbalances between the stimulatory and inhibitory signals can result in pathological conditions, such as excessive death or overactivation of primordial follicles, ultimately leading to premature ovarian failure. Therefore, a thorough understanding of the molecular underpinnings of folliculogenesis is of paramount importance in the context of translational medicine and future clinical applications for human reproduction. However, very little is known regarding the mechanisms by which the growth of individual primordial follicles is triggered while other primordial follicles are maintained in a quiescent state. The mechanisms underlying the selective activation of primordial follicles have been only partially clarified in recent decades.
MicroRNAs, which regulate target gene expression through transcriptional repression or degradation, have been implicated in many processes in vertebrates, including cell growth, proliferation, apoptosis, fat metabolism, neuronal patterning, and tumorigenesis [6, 7] . Recent studies have begun to explore the regulatory functions of these small RNAs in ovarian cells in the context of gonadal development, steroidogenesis, apoptosis, ovulation, and corpus luteum development [8] . Ovaryspecific knockout of Dicer (the gene encoding ribonuclease III), which processes presmall RNAs into mature functional small RNAs, results in dysfunctional folliculogenesis, oocyte maturation, and ovulation as well as infertility [9] [10] [11] [12] . In addition, conditional inactivation of Dicer1 in GCs causes increased primordial follicle endowment, accelerated early follicle recruitment, and an increased number of degenerating follicles [12] . These reports have revealed that miRNAs are associated with mammalian ovarian follicle development.
Despite the potential key roles of miRNAs in the ovary, previous studies have not investigated miRNA involvement in the initiation of primordial follicle development. In this study, we profiled the miRNA expression patterns in ovaries from 3-and 5-day-old mice by microarray. Differentially expressed miRNAs were identified, validated, and subjected to a global evaluation of miRNA-regulated signaling pathways and related genes based on their expression profiles and bioinformatic analysis. The predominant miRNAs and target genes in the miRNA-regulated signaling pathways were further investigated in cultured neonatal mouse ovaries in an attempt to gain new insight into the currently limited understanding of the biological process of primordial follicle activation.
MATERIALS AND METHODS
For details, please see Supplemental Materials and Methods (all the Supplemental Data are available online at www.biolreprod.org).
Animals
Healthy C57BL/6J female mice were purchased from the Center for Laboratory Animal Administration of the Center for Disease Control and Prevention of Hubei Province (Wuhan, People's Republic of China) and bred at the Center for Laboratory Animal Administration of Tongji Medical College (Wuhan). The mice received humane care according to the Guide for the Care and Use of Laboratory Animals of the Chinese Academy of Sciences. The mice were provided commercial pellet feed and access to water ad libitum, were allowed to give birth, and were housed under a controlled light cycle (14L:10D) in specific pathogen-free conditions.
The ovaries of 3-day-old female mice contain predominantly primordial follicles and few growing follicles. Primary follicles begin to appear in the ovaries of 5-day-old mice; therefore, Days 3 and day 5 ovaries were used for the miRNA array analysis. Ovaries from 3-day-old female mice were used for the organ culture experiments.
Expression of miRNA
A mouse miRNA array (G4472A; Agilent Technology) that includes 627 mouse miRNAs (Sanger miRBase Release 12.0) was used to identify miRNAs that are differentially expressed between Days 3 and 5 mouse ovaries. A total of 6 one-color miRNA arrays were used, including three arrays for specimens from Day 3 and three arrays for specimens from Day 5. The detailed procedure is described in the Supplemental Methods.
Quantitative Real-Time RT-PCR of miRNA A subset of the differentially expressed miRNAs (miR-302c*, miR-145, miR-122, miR-466f-3p, miR-466i, miR-484, miR-467a, and miR-466g) were selected at random for verification. The expression levels of these mature miRNAs were assayed using stem-loop reverse transcription followed by PCR analysis as previously described [13] . PCR was performed in triplicate for each sample. The relative level of each miRNA was normalized against U6 snRNA (small nuclear RNA), and the fold change for each miRNA was calculated using the 2 ÀDDCt method [14] .
In Situ Hybridization
For details, please see the Supplemental Materials and Methods.
In Vitro Ovary Culture
Female C57BL/6J mice were euthanized on Postnatal Day 3 by CO 2 inhalation followed by decapitation. Matched pairs of ovaries were separated; one ovary was used as a control, while the other was used for the various treatments. Briefly, each ovary was removed, the oviduct and excess tissue were trimmed, and the ovary was placed on a piece of Millicell-CM filter membrane (Millipore) floating in 400 ll of alpha-modified Eagle medium (Invitrogen) with supplements. Further details are provided in the Supplemental Materials and Methods. At the end of the culture period, the ovaries were either fixed for 2 h in Bouin fixative or snap frozen in liquid nitrogen and stored at À808C. The experiments were repeated three times.
Confocal Microscopy
To determine whether the agomir/antagomir (agomir/AT) could enter the ovary and the duration of activity, Cy3-labeled agomir/AT (dissolved in RNase-free water) or the negative control (RNase-free water) was added to the medium. After 24 and 48 h, the ovaries were placed in liquid nitrogen. Frozen ovaries were sectioned at 10 lm, mounted on glass slides, and stored at À808C. The slides were dried at room temperature (208C-258C) for 10 min, fixed in cold 100% acetone for 15 min, and washed three times in PBS for 5 min. The slides were then incubated in 4 0 ,6-diamidino-2-phenylindole solution for 10 min to label the nuclei and washed three times in PBS. All of the procedures were performed in the dark. Images were acquired with a confocal laser scanning microscope (Olympus FluoView FV1000).
Quantitative Real-Time RT-PCR of mRNA Cultured ovaries that had been treated for 4 days with miR-145 agomirs/ ATs or the negative control were harvested for quantitative real-time RT-PCR. The 3T3 cells treated with mimics/inhibitor, mimics/inhibitor control, or the AT/AT-negative control (AT/AN) were harvested after 48 h. The primer sequences for the investigated genes (Invitrogen) are listed in Supplemental  Table S1 . Further details are provided in the Supplemental Materials and Methods.
Immunohistochemistry
Mouse vasa homolog (MVH), a germ cell-specific marker, was localized to mouse oocytes in primordial, primary, and preantral stages of development to assist in follicle counting. An additional oocyte-specific marker, ZP3, was also used for follicle counting. Cultured ovaries were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 5 lm, and mounted on glass slides. The sections were processed for immunohistochemical analysis using routine procedures. Microscopy was performed using a Leica DM4000B microscope, and the images were acquired with a Leica DC200 digital camera. Identification of follicle types was based on previous criteria [15] .
Morphological Analysis and Follicle Counting
Following 4 days of in vitro culture, ovaries were fixed in 4% paraformaldehyde for 24 h, transferred to 70% ethanol, embedded in paraffin, and serially sectioned (5 lm). Every fifth section was mounted on a slide and stained with hematoxylin and eosin (H&E). Primordial follicles are nongrowing follicles that consist of an oocyte that is partially or completely encapsulated by flattened squamous pre-GCs. Primary follicles contain an oocyte surrounded by a single layer of cuboidal-shaped GCs. Secondary follicles contain an oocyte surrounded by multiple layers of GCs. The numbers of follicles at each developmental stage were counted in two serial sections from the largest crosssection through the center of the ovary [16] . The diameter of each oocyte was measured using Image-Pro Plus 5.0 software (Media Cybernetics).
Statistical Analysis
Statistical analyses were performed using SPSS 18.0 software. Unpaired Student t-tests were used to evaluate the statistical significance of differences in the means between groups. All the experiments were repeated three times and are presented as the average 6 standard error of the mean (SEM). A P value of , 0.05 was defined as statistically significant.
RESULTS

Expression Profiles of miRNA from 3-and 5-Day-Old Mouse Ovaries
To determine the best point to perform the microarray analysis, H&E staining was used to evaluate follicle morphology. This analysis revealed that Days 2 and 3 ovaries contained significant numbers of oogonia and primordial follicles, respectively. Primary follicles containing ZP3-positive oocytes appeared on Day 5 (Fig. 1A) . Therefore, to identify miRNAs that are differentially expressed during the initiation of primordial follicle development, we performed miRNA microarray analysis using RNA from ovaries of 3-and 5-day-old mice. Using the normalized values from the microarray, differences (probability values) between the Days 3 and 5 YANG ET AL. samples were determined for each detectable miRNA signal. The false discovery rate (FDR) was calculated to correct the P value [17] . The miRNA signals with a P value , 0.05 and FDR , 0.05 were analyzed by hierarchical clustering of the log2 values of the signals from each sample, and the results are displayed in a heat map (Fig. 1B) . The figure reflects the extent of temporal changes in miRNA levels during the progression of follicle initiation. These changes equally reflect miRNAs that are up-regulated (red) and down-regulated (green). The normalized miRNA microarray signals were averaged, and those with a P value of 0.05 for Day 3 (black bars) versus Day 5 (dark bars) are graphed in Figure 1C . Fifteen miRNAs were up-regulated, and nine miRNAs were down-regulated in the Day 5 samples. Eight miRNAs were chosen for further validation by qRT-PCR; miR-122, miR-145, and miR-484 were up-regulated in ovaries from 5-day-old mice, whereas miR-302c*, miR-466g, miR-466f-3p, miR-466i, and miR-467a were down-regulated (Fig. 1D ). These data are consistent with the microarray results.
Gene Ontologies and Signaling Pathways Regulated by miRNAs in the Neonatal Ovary
Gene annotation based on database for annotation, visualization, and integrated discovery (DAVID) was used to assess the biological effects of the differentially expressed miRNAs. Using the data mining results, significant gene ontologies (GOs) were classified based on the top 25% miRNA targets. Only a subset of the data is shown (Supplemental Tables S2  and S3) .
We searched for potential mRNA targets of the 24 differentially expressed miRNAs using computational prediction algorithms (TargetScan 5.1). These putative target genes were submitted to the KEGG (Kyoto encyclopedia of genes and genomes) pathway database (http://www.genome.jp/kegg/) for pathway enrichment analysis. This functional analysis revealed that 48 signal transduction pathways are significantly modulated by the up-regulated miRNAs and 29 are significantly modulated by the down-regulated miRNAs, with P values and FDRs of , 0.001 (Supplemental Figs. S1 and S2). Many of these signaling pathways (including Wnt, MAPK, TGF-b, regulation of the actin cytoskeleton, and mTOR signaling) have been shown to participate in the initiation of primordial follicle development [18] . However, other identified signaling pathways (such as axon guidance, calcium signaling, and carbon fixation) have never been reported to function in resting or activated primordial follicles. Among these differentially regulated signaling pathways, TGF-b appeared to be particularly important. This pathway is involved in the regulation of follicle development at various stages, and disruptions in many aspects of TGF-b signaling can result in reproductive dysfunction. Therefore, TGF-b was chosen for further investigation. Understanding the mechanisms by which the TGF-b family is regulated in the context of primordial MiRNAs REGULATE EARLY FOLLICLE DEVELOPMENT follicle recruitment should reveal new avenues for the development of tailored diagnostics and interventions for infertility [19] .
Identification of miR-145 as a Regulator of Primordial Follicle Maintenance and Initiation Based on Signaling Pathway Analysis of the Microarray Results
Within the miRNA-mRNA regulatory network of TGF-b signaling pathway-related genes (Fig. 2) , we identified putative target mRNAs based on their relationships with overexpressed and underexpressed miRNAs. One down-regulated miRNA (miR-466f-3p) has seven target mRNAs (degree 7). However, miR-145, which was up-regulated and has five target mRNAs (degree 5), putatively regulates several important genes in the TGF-b pathway, including Tgfbr2, Acvr1b, Smad3, and Smad5. Therefore, miR-145 might be of great importance in primordial follicle activation.
Expression of miR-145 in 3-and 5-Day-Old Mouse Ovaries
The expression of miR-145 in the mouse ovary was evaluated by in situ hybridization using locked nucleic acid (LNA)-modified probes. The probe sequence was based on the mature 23-nucleotide miR-145 molecule (Fig. 3A) . Expression of miR-145 was observed predominantly in GCs of primary follicles; no staining was observed in oocytes or pre-GCs in primordial follicles (Fig. 3, B and C) . Given that the primordial follicle transition is marked by a change in pre-GC morphology from squamous to cuboidal and the initiation of oocyte to GC signaling, factors derived from and acting on the supportive GCs likely play a pivotal role in primordial follicle activation. The miR-145 expression pattern in GCs therefore suggests that miR-145 might regulate the initiation of primordial follicle growth.
A miR-145 AT Promotes Primordial Follicle Activation in Cultured Neonatal Mouse Ovaries
Cholesterol-conjugated sense/antisense oligonucleotides, known as agomirs/ATs, can be used to mimic/inhibit miRNAs in cell culture and mice, where they broadly diffuse into most cells [20] . We first tested whether Cy3-labeled ATs could diffuse into in vitro cultured ovaries when added directly to the medium. The ovaries were collected after 24 and 48 h of incubation and evaluated by confocal microscopy. Strong red fluorescence was observed as early as 24 h and up to 48 h in ovaries treated with ATs (Fig. 4A) . No detectable fluorescence was observed in the control group.
To determine the effective concentration of the miR-145 agomirs/AT, 0.1, 0.2, 1, 2, or 4 lM of the agomir or AT were added to the medium. Increased levels of mature miR-145 were clearly observed upon addition of 1 lM agomir, but effects on primordial follicle development were not observed until addition of 4 lM agomir (data not shown). Decreased levels of mature miR-145 were not clearly observed until the concentration of AT was increased to 2 lM (Fig. 4B) . We next examined the expression and localization of miR-145 in ovaries treated with 4 lM AT or AN by in situ hybridization. Strong labeling was observed in GCs of primary follicles in ovaries from the AN group, whereas miR-145 expression was globally suppressed in ovaries from the AT group; all the primary follicles were nearly devoid of positively stained GCs in the AT group (Fig. 4C) . Because follicle development was not clearly affected by the agomirs, only the results of the AT treatment are shown.
The morphology of the cultured ovaries was observed under a stereomicroscope during the 4 days of culture. The outlines of the ovaries in the AT group were more obscure than those of the AN group (Fig. 5A) . After 4 days of culture, the ovaries in both groups appeared healthy under the stereomicroscope, without obviously dark internal areas (Fig. 5A) .
To identify oocytes and follicles, ovarian sections were immunohistochemically labeled with an antibody that recognizes MVH, a protein specifically expressed in germ cells. All the MVH-positive cells (oocytes) were counted, regardless of whether they were enclosed by GCs (Fig. 5B, c-f ). Oocytederived zona pellucida glycoprotein 3 (ZP3), which is expressed only in growing oocytes, was also detected in the ovaries (Fig. 5B, g-j) . To determine the effect of the miR-145 AT on the initiation of primordial follicle development, we counted the number of follicles of different developmental stages. Treatment of ovaries from 3-day-old mice with 4 lM, but not 2 lM, of the miR-145 AT affected primordial follicle development (Fig. 5C) ; therefore, 4 lM AT was used for subsequent experiments. After 4 days of culture, the total number of follicles was slightly but not significantly decreased in the AT group. However, the number of primordial follicles was significantly reduced, and the number of growing follicles was increased (P , 0.05) (Fig. 5C ). In accordance with these follicle numbers, the percentage of primordial follicles in the AT group was decreased (43%) compared with the AN group (approximately 61%; P , 0.05) (Fig. 5D) , and the percentage of growing follicles was correspondingly increased in the AT group (P , 0.05) (Fig. 5D) . To estimate the oocyte growth, we measured the oocyte diameters in follicles of different stages. The mean oocyte diameter in primordial follicles was significantly greater in the AT group relative to the AN group (P , 0.05) (Fig. 5E ). In contrast, the mean oocyte diameter in growing follicles was considerably smaller in the AT group than the AN group (P , 0.05) (Fig. 5E ). These data indicate YANG ET AL.
that down-regulation of miR-145 results in overactivation of primordial follicles.
In addition to these morphological observations, we also assessed the mRNA expression levels of follicle developmentassociated genes, including Zp1, Zp2, and Zp3. The qRT-PCR analysis demonstrated that miR-145 AT significantly reduced Zp1, Zp2, and Zp3 mRNA expression levels ( Fig. 5F ) (P , 0.05), suggesting that down-regulation of miR-145 reduces the ability of oocytes in growing follicles to synthesize Zps mRNAs.
Regulation by miR-145 of Tgfbr2 at the Transcriptional and Posttranscriptional Levels
An analysis of the miRNA-mRNA regulatory network of TGF-b signaling pathway-related genes indicated that miR-145 might target Tgfbr2, Acvr1b (activin receptor type 1b), Smad3, and Smad5. To verify that these genes are miR-145 targets, we first examined their protein expression levels in ovaries from 3-and 5-day-old mice. During primordial follicle initiation in vivo, only TGFBR2 expression was significantly decreased, in MiRNAs REGULATE EARLY FOLLICLE DEVELOPMENT accordance with the increased expression of miR-145 (P , 0.05) (Fig. 6A) . SMAD3 expression was clearly elevated (P , 0.05), but no differences were observed in the levels of ACVR1B or SMAD5 (P . 0.05) (Fig. 6A) . We also measured the mRNA levels of these putative target genes by quantitative real-time RT-PCR in AT-treated ovaries after 4 days of culture. Down-regulation of miR-145 expression by the AT significantly (P , 0.05) enhanced the expression of Tgfbr2 mRNA (Fig. 6B) and protein (Fig. 6C ) but did not affect the expression of Acvr1b, Smad3, or Smad5. Up-regulation of TGFBR2 in the AT group was further demonstrated by immunohistochemistry. In the AN group, TGFBR2 protein was primarily distributed in the interstitial compartment of the ovary, with weak staining in the oocytes. In the AT group, staining was evident in the follicles, and the interstitial staining was more intense (Fig.  6D ). An examination of the homology between miR-145 and Tgfbr2 mRNA showed that the eight nucleotides in the seed region of miR-145 are complementary to bases 2365-2371 of the Tgfbr2 3 0 UTR (3 0 untranslated region; NM_009371). Immunoblotting and quantitative real-time RT-PCR analysis also revealed that Tgfbr2 mRNA and protein expression levels were both significantly lower in miR-145-transfected 3T3 cells compared with control cells, whereas knockdown of miR-145 increased TGFBR2 protein expression (data not shown). To further confirm that Tgfbr2 is negatively regulated by miR-145, we used a dual luciferase assay. A significant decrease in relative luciferase activity was noted when psiCHECK2-Tgfbr2 3 0 UTR was cotransfected with miR-145 mimics. As expected, this suppressive effect was abolished by deleting the perfectly complementary sequences in the Tgfbr2 3 0 UTR (psiCHECK2-mutTgfbr2 3 0 UTR), which disrupted the interaction between miR-145 and Tgfbr2 (Fig. 6E) . These results confirm that Tgfbr2 is directly targeted by miR-145 and that miR-145 regulates Tgfbr2 gene expression at the transcriptional and posttranscriptional levels.
Down-Regulation of miR-145 Promotes Primordial Follicle Activation Through TGF-b Signaling but Not the JNK or p38 MAPK Pathway
The above experiments demonstrated that treatment with miR-145 AT caused Tgfbr2 up-regulation and accelerated primordial follicle activation. Tgfbr2, as an important transmembrane receptor, can activate both the Smad and MAPK signaling pathways. To elucidate the molecular mechanisms underlying the accelerated activation of primordial follicles in AT-treated ovaries, we studied the signaling molecules involved in these pathways. In AT-treated ovaries, the protein expression levels of JNK and p38 MAPK pathway-related molecules (JNK, p-JNK, p38, and p-p38) were similar to the control group, whereas the TGF-b pathway component p-SMAD3 was significantly activated by the miR-145 AT (Fig.  7A) . Furthermore, in accordance with our in vitro results, ovaries from 5-day-old mice displayed significantly decreased p-SMAD3 expression but increased SMAD3 levels compared with Day 3 ovaries (Fig. 7B) . Therefore, our results suggest that during the process of primordial follicle initiation in vivo, increased miR-145 expression is accompanied by decreased 
DISCUSSION
Studies conducted in the past 40 years have shed considerable light on transcriptional gene regulation and cellular signaling pathways that are active within reproductive tissues. However, much less is known about posttranscriptional gene regulation in these tissues, despite the fact that posttranscriptional regulation plays an essential role in the synthesis of all proteins and is known to be important for the general regulation of cell differentiation and proliferation. The relatively recent identification of miRNAs as important posttranscriptional gene regulators has produced an explosion in our knowledge of the role of posttranscriptional gene regulation in organ function. The miRNAs have been shown to be important in many biological processes, including cell proliferation, differentiation, and apoptosis. A substantial body of evidence has suggested that miRNAs play important roles in ovarian development and function [8] . Primordial follicle recruitment, one of the most important processes in the entire female reproductive life, has not been fully elucidated, especially at the posttranscriptional level. Our study demonstrates, for the first time, the potential role of miRNAs in the initial recruitment phase of follicle development. Our primary goal was to provide a better understanding of the mechanisms by which individual follicles are selected to grow while immediately adjacent follicles remain quiescent.
Our results indicate that 24 miRNAs are differentially expressed during the initiation of primordial follicle recruitment (Fig. 1, B and C) , suggesting potential roles for these miRNAs in controlling primordial follicle activation and maintenance of quiescence. Some of the miRNAs up-regulated at Day 5 have previously been shown to be expressed in A) The morphology of the cultured ovaries was observed under a stereomicroscope during the 4 days of culture. B) H&E staining of ovaries cultured in vitro for 4 days. To identify oocytes and follicles, ovarian sections were immunohistochemically labeled with MVH (c-f) and oocyte-derived ZP3 (g-j). C) The numbers of primordial, growing, and total follicles were determined. In the AT group, the number of primordial follicles was significantly reduced, and the number of growing follicles was increased (*P , 0.05). No significant difference was observed in the total number of follicles (P . 0.05), although a slight reduction was observed in the AT group. D) Relative proportions of the total follicle population in ovaries cultured for 4 days with 4 lM of miR-145 AT. Treatment with the AT decreased the percentage of primordial follicles to approximately 43%, compared with approximately 61% in control ovaries. The percentage of growing follicles was higher in the treated group than in the controls (*P , 0.05). E) Mean diameters of oocytes in follicles at different developmental stages in the AT and AN groups. The mean oocyte diameter in primordial follicles was significantly greater in the AT group than in the AN group (*P , 0.05). In contrast, the mean oocyte diameter in growing follicles was considerably smaller in the AT group compared with the AN group (*P , 0.05). F) The mRNA expression levels of follicle development-associated genes (Zp1, Zp2, and Zp3) were measured by qRT-PCR. The miR-145 AT caused a significant down-regulation in Zp1, Zp2, and Zp3 mRNA levels (*P , 0.05) in Day 3 mouse ovaries cultured for 4 days.
MiRNAs REGULATE EARLY FOLLICLE DEVELOPMENT ovaries and to regulate ovarian function. For example, miR17-5p functions in corpus luteum formation [21] , miR-122 or miR-125 overexpression causes an increase in progesterone release [22] , and miR-378 regulates GC aromatase expression and suppresses luteal cell apoptosis through the IFNGR1 gene [23, 24] . Some miRNAs, including miR-466f-3p, miR-466g, and miR-466i, have never been reported to be expressed in the ovary. However, previous studies have not investigated the potential roles of all these miRNAs in the initiation of primordial follicle growth.
To gain insight into the function of the differentially expressed miRNAs, GO term and KEGG pathway annotation analysis were applied to the miRNA target gene pools. KEGG annotation revealed that genes involved in important signaling pathways related to proliferation (MAPK, ErbB, cell cycle, VEGF, and Wnt), survival (TGF-b and mTOR), apoptosis (apoptosis and p53), adhesion (axon guidance, focal adhesion, cell adhesion molecules, and gap junctions), oncogenesis (prostate cancer and endometrial cancer), and metabolism (GnRH signaling, phenylalanine metabolism, pyrimidine metabolism, purine metabolism, and insulin signaling) were significantly enriched among the miRNA targets. Most of these pathways have already been reported to participate in primordial follicle activation. For example, c-erbB2 initiates rat primordial follicle growth via the PKC and MAPK pathways [25] . Microarray analyses have suggested that Vegf mRNA expression is significantly up-regulated during the primordial to primary follicle transition in postnatal rat ovaries [26] , and in vivo injection of a VEGF antibody has demonstrated that primordial follicles may be affected by inhibition of the pathway [27] . A key member of the VEGF signaling pathway, VEGFA, also affects primordial follicle activation and consequently alters the number of primary follicles through vasculature-independent mechanisms [28] . An important role for the mTOR-signaling pathway in controlling primordial follicle activation has recently been discovered [29, 30] . In accordance with the KEGG analysis, the significantly enriched GO terms were related to signal transduction, cell growth, apoptosis, and metabolism. These functional details revealed through bioinformatic analyses indicate that the differentially expressed miRNAs target a variety of signaling pathways involved in the regulation of primordial follicle activation. These results suggest that miRNAs regulate the initiation of primordial follicle growth by affecting important signaling pathways.
Among the significant pathways identified by bioinformatic analysis, TGF-b signaling has been proposed to play a pivotal role in the initiation of primordial follicle growth. Over the last decade, studies using mouse genetic models, in vivo injection, and ex vivo organ culture approaches have demonstrated that many TGF-b superfamily and signaling proteins mediate the early stages of folliculogenesis. These studies have indicated that several key family members, including AMH, activin, inhibin, BMP-4, and BMP-7, are important for the primordial to primary follicle transition [31] [32] [33] [34] and that Smad proteins are essential for primordial germ cell development and folliculogenesis [35] . In accord with these findings showing that the TGF-b signaling pathway is critical for primordial
Tgfbr2 is a target of miR-145. A) Protein expression levels of putative target genes in Days 3 and 5 ovaries. Compared with the Day 3 ovaries, only TGFBR2 expression was decreased in Day 5 ovaries (*P , 0.05); SMAD3 was increased (*P , 0.05), and no differences were detected in ACVR1B or SMAD5 (P . 0.05). B, C) Ovaries were treated with 4 lM of the miR-145 AT or the AT control. The relative expression levels of Tgfbr2 mRNA and protein were increased. The expression of the other three genes (Acvr1b, Smad3, and Smad5) was not altered. The relative protein levels were calculated from the band intensities. *P , 0.05. D) TGFBR2 protein expression levels were determined by immunohistochemistry. TGFBR2 protein expression was higher in the AT group relative to the control group. In the controls, TGFBR2 (stained brown) was primarily distributed in the interstitial compartment of the ovary, with weak staining in the follicles. In the AT group, staining was increased in the follicles, and the interstitial staining was more intense. E) Inhibition by miR-145 of Tgfbr2 was assessed by a 3 0 UTR luciferase activity assay. Cells were cotransfected with wild-type Tgfbr2 3 0 UTR or mutant Tgfbr2 3 0 UTR reporter constructs and miR-145 mimics/control. At 30 h after transfection, the cells were harvested and assayed for firefly and Renilla luciferase activities. The Renilla/firefly ratio was calculated and normalized against the control. The data in A and B represent the means 6 SEM from three independent experiments.
YANG ET AL. follicle development, our results demonstrate that this pathway is regulated by miRNAs that are significantly differentially expressed in the neonatal ovary. Using this information, we have begun to construct a miRNA-mRNA regulatory network based on TGF-b signaling pathway-related genes (Fig. 2) .
We predict that miR-145, which displayed the secondhighest degree (5) among the up-regulated miRNAs, regulates several important genes in the TGF-b pathway, including Tgfbr2, Acvr1b, and members of the Smad signal transduction pathway (Smad3 and Smad5). In addition, many studies have confirmed that miR-145 is a regulator of cell differentiation; miR-145 was initially found to be down-regulated in colorectal neoplasia [36] , but later studies have shown that miR-145 is also dysregulated in breast, ovarian, lung, nasopharyngeal, bladder, gastric, prostate, and colon cancers [36] [37] [38] [39] [40] [41] [42] [43] [44] . Our studies identified miR-145 as a major ovarian miRNA that is primarily localized to the GCs of primary follicles. No staining was observed in the pre-GCs of primordial follicles. Thus, this increase in miR-145 expression occurs at the same time as the transition of GCs from a squamous to a cuboidal morphology, which is one of the first key events in the primordial to primary follicle transition [45] . This expression pattern potentially reflects an important role for miR-145 in GC development during the transition of primordial to primary follicles.
Our experimental studies confirmed our hypothesis and revealed that down-regulation of miR-145 results in a significantly decreased number of primordial follicles and an increase in growing follicles (P , 0.05; Fig. 5, C and D) . In addition, the mean oocyte diameter in primordial follicles from ovaries treated with the miR-145 AT was significantly greater than that of the negative control group (P , 0.05) (Fig. 5E) , coinciding with the overactivation of primordial follicles [46] . These results indicate that inhibition of miR-145 induces the activation of primordial follicles and suggest that miR-145 may serve as a suppressor of primordial follicle activation. The reduction in total follicle number observed upon downregulation of miR-145 was not statistically significant, most likely due to high interovary variability. We assume that this slight reduction can be attributed to the death of primordial follicles. However, further study is warranted to clarify the mechanism by which miR-145 affects primordial follicle survival.
To further understand the potential regulatory functions of miR-145 in the ovary, we analyzed the miRNA-mRNA regulatory network based on TGF-b signaling pathway-related genes and speculated that miR-145 might target Tgfbr2, Acvr1b, Smad3, and/or Smad5. Our in vivo and in vitro studies confirmed that Tgfbr2 is a direct target of miR-145. Rojas et al. [47] have observed that regulation of TGFBR2 expression can affect the specificity of the TGF-b response. The activity of both Smad and non-Smad signaling pathways can also be modulated by the TGFBR2 expression level. Furthermore, different TGFBR2 expression levels are associated with the activation of different pathways, including Smad signaling and the MAPK pathway. Our data revealed that upregulation of TGFBR2 in AT-treated ovaries did not affect the levels of phosphorylated p38 or JNK, but AT treatment did cause an increase in Smad3 phosphorylation (p-Smad3). Similar results were obtained from ovaries grown in vivo, in which SMAD3 expression significantly increased and p-SMAD3 expression decreased between Days 3 and 5. These results indicate that the TGF-b/Smad signaling pathway is suppressed during the process of primordial follicle activation.
These data suggest that miR-145 suppresses the initiation of primordial follicle growth by directly targeting Tgfbr2 and reducing TGF-b/Smad signaling activity. A previous study has shown that Smad3-deficient mice have more primordial follicles and fewer large preantral and antral follicles [48] , suggesting that the absence of Smad3 and the consequent inhibition of TGF-b/Smad signaling may delay follicular maturation (including primordial follicle activation). Our studies confirm this hypothesis and further identify miR-145 as a negative regulator of the TGF-b/Smad signaling pathway. In our study, the overactivation of primordial follicles observed upon miR-145 down-regulation is likely attributable to changes in GCs. We hypothesize that GCs in primary follicles generate a signal that is received by adjacent resting follicles and inhibits the initiation of follicle development, thereby preserving the ovarian pool. Further studies will focus on the inhibitory signal generated by GCs in primary follicles and the mechanisms by which the signal regulates primordial follicle activation.
Unexpectedly, down-regulation of miR-145 considerably decreased the size of oocytes in growing follicles and significantly reduced Zp1, Zp2, and Zp3 mRNA expression levels (Fig. 5E) , suggesting that the growth of these oocytes was delayed and/or that the quality of the primary follicles was reduced. We believe that down-regulation of miR-145 resulted in overactivation of primordial follicles, which altered the ovarian microenvironment (e.g., local regulators, hormones, and nutrients), and then affected the growth of developing follicles. Similar results have been reported in ovaries from Pten-deficient mice in which massive activation of primordial follicles is associated with altered growth dynamics of the activated transient follicles [49] . In addition, miR-145 may also regulate the development of growing follicles, and this prospect deserves further investigation.
In conclusion, our study revealed that miRNAs and their associated signaling pathways are involved in the process of primordial follicle initiation. We found that miR-145 is an important miRNA that targets Tgfbr2 and the Smad-signaling pathway to suppress the initiation of primordial follicle development and maintain the dormancy of the primordial follicle pool (Fig. 8) . We believe that investigating the functions of miRNA-gene signaling networks in primordial follicle development will lead to an improved understanding of ovarian physiology and pathology.
